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Summary
Cyclin E-Cdk2 is known to regulate both DNA replication and
centrosome duplication during the G1-S transition in the cell
cycle [1–4], and disruption of centrosomes results in a G1
arrest in some cell types [5–7]. Localization of cyclin E on
centrosomes is mediated by a 20 amino acid domain termed
the centrosomal localization sequence (CLS), and expres-
sion of the GFP-tagged CLS displaces both cyclin E and
cyclin A from the centrosome [8]. In asynchronous cells,
CLS expression inhibits the incorporation of bromodeoxyur-
idine (BrdU) into DNA, an effect proposed to reflect a G1
arrest. Here we show in synchronized cells that the reduction
in BrdU incorporation reflects not a G1 arrest but rather
direct inhibition of the initiation of DNA replication in
S phase. The loading of essential DNA replication factors
such as Cdc45 and proliferating cell nuclear antigen onto
chromatin is blocked by CLS expression, but DNA synthesis
can be rescued by retargeting active cyclin E-Cdk2 to the
centrosome. These results suggest that initial steps of
DNA replication require centrosomally localized Cdk activity
and link the nuclear cycle with the centrosome cycle at the
G1-S transition.
Results and Discussion
In asynchronous Chinese hamster ovary (CHO) cells, expres-
sion of the GFP-tagged 20 amino acid centrosomal localization
sequence (CLS) domain of cyclin E (GFP WT-CLS) reduced the
fraction of cells incorporating bromodeoxyuridine (BrdU) from
approximately 30% to less than 10% (Figure 1A), as previously
reported [8]. Lack of BrdU incorporation after CLS expression
could in principle reflect either a G1 arrest or direct inhibition
of DNA synthesis. To determine precisely what phase of the
cell cycle is affected by expression of the cyclin E CLS, we
synchronized CHO cells at the G1-S boundary by double thymi-
dine treatment and transiently transfected them with GFP-Myc,
the GFP WT-CLS, or a mutant CLS (SWNQ-A) that neither
localizes to centrosomes nor affects endogenous cyclin local-
ization [8]. After release into S phase, wild-type CLS expression
reduced BrdU incorporation from 80% to less than 10% of the
cells, indicating direct inhibition of DNA synthesis, whereas the
SWNQ-A mutant had no effect (Figure 1B).
Recent reports have described a G1 checkpoint that moni-
tors centrosome integrity and regulates G1-S progression
[7, 9]. Activation of this checkpoint and cell-cycle arrest is
dependent on the p38 stress-activated kinase pathway and
can be suppressed by loss of p38, p53, or p21. In mammalian
cells, p38 kinase can be activated by cellular stress and*Correspondence: jim.maller@ucdenver.edurequires the phosphorylation of residues Thr180 and Tyr182
[10]. To determine whether the p38 stress-activated pathway
is mediating CLS-dependent inhibition of S phase progres-
sion, we assessed the phosphorylation of p38 kinase by
western blotting in double thymidine-synchronized cells ex-
pressing GFP-Myc, the GFP WT-CLS, or the mutant SWNQ-A
CLS (Figure 1C). Sorbitol-induced osmotic stress resulted in
robust p38 activation, but phosphorylation of p38 was not
detectable in CLS-expressing cells, indicating that S phase
inhibition is not a result of p38 activation.
Because expression of the wild-type cyclin E CLS displaces
not only endogenous cyclin E but also cyclin A, MCM5, and
potentially other unidentified proteins from the centrosome
[8, 11], loss of BrdU incorporation might not be directly linked
to mislocalization of cyclin E. To determine whether displace-
ment of cyclin E from centrosomes was indeed responsible for
inhibition of DNA synthesis, we monitored BrdU incorporation
in synchronized cells coexpressing the GFP WT-CLS and
6 Myc-tagged cyclin E constructs that were centrosomally
localized via a different targeting motif, the 91 amino acid peri-
centrin-AKAP450 centrosomal targeting (PACT) domain that is
sufficient for targeting GFP to centrosomes [12].
CHO cells were cotransfected with GFP WT-CLS and the
indicated 6 Myc-tagged cyclin E constructs, were methanol-
fixed, and were analyzed for coexpression of both plasmids,
as well as for localization of the PACT-cyclin E protein. Trans-
fection efficiencies were optimized to ensure that approxi-
mately 99% of the GFP-positive cells were also Myc-positive.
Importantly, cells expressing the GFP WT-CLS also displayed
centrosomal colocalization of the PACT-cyclin E protein, indi-
cating that expression of the CLS does not interfere with local-
ization mediated by the PACT domain (Figure 2A; Figure 3A).
In synchronized CHO cells expressing the GFP WT-CLS, coex-
pression of 6 Myc-tagged cyclin E containing the SWNQ-A
CLS mutations that prevent localization to centrosomes did
not overcome inhibition of DNA replication, whereas the
same mutant fused to the PACT domain restored BrdU incor-
poration nearly to control levels (Figure 2B).
Previous work from this laboratory demonstrated that the
SWNQ-A mutant of cyclin E binds Cdk2 and has kinase activity
[8]. We therefore sought to determine whether Cdk2 binding
and activity at the centrosome is necessary for restoring
DNA synthesis. Coexpression of the GFP WT-CLS and a cyclin
E double mutant containing the SWNQ-A CLS mutations and
an additional point mutation, S180D, that blocks Cdk2 binding
[8] did not overcome CLS-mediated inhibition of BrdU incorpo-
ration, with or without the PACT domain (Figure 3B). These
data indicate that Cdk activity specifically localized at centro-
somes is an essential step in DNA synthesis. However, this
requirement may not be universal, because some cells have
been reported to undergo DNA synthesis in the absence of
centrioles [9, 13]. Cells without centrioles may only express
pericentriolar material proteins in close apposition to the
nuclear periphery [14] and potentially support cyclin E-depen-
dent regulation of DNA synthesis.
It was previously reported that MCM2 is loaded onto chro-
matin even when the CLS is expressed [8]. Chromatin loading
of MCM proteins occurs during late M phase to early G1, when
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Figure 1. Expression of the GFP-CLS of Cyclin E Directly Inhibits DNA
Synthesis
(A) BrdU incorporation was assessed as described in the Experimental
Procedures in asynchronous CHO-K1 cells expressing either the GFP WT-
CLS, GFP-Myc (control), or the GFP-CLS SWNQ-A mutant. Error bars repre-
sent mean 6 standard deviation (SD) (n = 3).
(B) BrdU incorporation was assessed in CHO-K1 cells synchronized by
double thymidine treatment. Cells transfected with the indicated centroso-
mal localization sequence (CLS) constructs during the second thymidine
treatment were released from the G1-S boundary by thymidine washout
and were harvested at the indicated times as described in the Experimental
Procedures. Error bars represent mean 6 SD (n = 3).
(C) Phosphorylation of p38 mitogen-activated protein kinase at activating
sites was analyzed by western blotting (top) in CHO-K1 cells synchronized
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857Cdk activity is low, and is widely regarded as the last step in
prereplication complex formation [15]. Because the CLS influ-
ences DNA synthesis later, at the G1-S transition, it is evident
that expression of the CLS does not disrupt formation of the
prereplication complex and licensing of chromatin for replica-
tion. Therefore, inhibiting either the formation of the preinitia-
tion complex at the G1-S phase transition, activation of the
preinitiation complex during origin firing, or elongation could
explain the loss of BrdU incorporation. Using a biochemical
fractionation scheme described by Mendez and Stillman [16],
we isolated the chromatin fraction from asynchronous CHO
cells expressing GFP-Myc, the GFP WT-CLS, or the GFP-
CLS SWNQ-A. To assess initiation of DNA synthesis, we exam-
ined chromatin loading of Cdc45, an essential preinitiation
factor [17, 18], and for DNA elongation we investigated chro-
matin loading of proliferating cell nuclear antigen (PCNA),
a processivity factor [19, 20]. Because expression of the CLS
does not influence prereplication complex formation, MCM2
serves as a loading control. In asynchronous cells expressing
the wild-type CLS, we observed a significant reduction in chro-
matin-bound Cdc45 and PCNA compared to the control pop-
ulation, signifying inhibition of preinitiation complex formation
(Figure 4A). This shows that initiation of DNA replication and
origin firing is inhibited when cyclin E has been mislocalized
from centrosomes. Additionally, because chromatin loading
of MCM2, Cdc45, and PCNA is known to be cell-cycle regu-
lated, chromatin fractionation was also carried out on cells in
known phases of the cell cycle (Figure 4B). As expected, cells
synchronized at G1-S by double thymidine treatment have
high chromatin binding of MCM2, Cdc45, and PCNA com-
pared to cells synchronized with etoposide in late S-G2, a point
in the cell cycle when DNA replication factors have been
removed from chromatin. As a further control, one chromatin
sample from cells expressing GFP alone was digested with
DNase I. Although the vast majority of MCM2 was released
from chromatin, Cdc45 and PCNA are tightly chromatin bound
and largely DNase insoluble during S phase and were only
partially released (data not shown).
DNA replication and centrosome duplication are fundamen-
tally similar in that they are the only cellular components to
undergo once-and-only-once, semiconservative duplication
during every cell cycle. Both replication events are initiated
at the G1-S transition, and this essential coordination is
achieved at least in part by the activation of Cdk2 coupled to
cyclin E. The data presented here show that initiation of DNA
replication is dependent on Cdk activity specifically at the
centrosome and may help explain why some cells arrest in
late G1 when centrosomes are ablated, microsurgically
removed, disrupted by antibody microinjection, or impaired
by small interfering RNA knockdown of centrosomal proteins
[5–7, 14].
The mechanism of DNA synthesis inhibition after CLS
expression clearly involves regulation of Cdc45 loading onto
chromatin by centrosomally localized cyclin E-Cdk2. The
binding of Cdc45 to chromatin defines the transformation
from a prereplication complex to a preinitiation complex,
during which the replisome is loaded onto the origin, and chro-
matin loading of Cdc45 is essential for association of poly-
merase a-primase with chromatin [21, 22]. Recent work inby double thymidine treatment and transfected with the indicated CLS
constructs as in (B) or in cells that were treated with 500 mM sorbitol for
30 min. Total p38 served as a loading control (bottom).
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Figure 2. DNA Synthesis Requires Centrosomally Localized Cyclin E
(A) The localization of GFP WT-CLS and Myc-tagged cyclin E SWNQ-A
without (left) and with (right) fusion to the pericentrin-AKAP450 centrosomal
targeting (PACT) domain was analyzed by immunofluorescence in cells ex-
pressing the GFP WT-CLS. Staining was performed with the indicated anti-
bodies as described in the Experimental Procedures: DAPI (blue), anti-GFP
(green), and anti-Myc (red). Arrowheads mark centrosomes. Inset: enlarged
image of the merged centrosomal area. Scale bars represent 5 mM.
(B) DNA synthesis is restored in CLS-expressing cells by coexpression of
PACT-fused Myc-cyclin E SWNQ-A. Cells were synchronized by double
thymidine treatment, transfected with the indicated constructs, and as-
sessed for BrdU incorporation at 1, 3, and 6 hr after release of G1-S arrest
by thymidine washout. Error bars represent mean 6 SD (n = 5).
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Figure 3. DNA Synthesis Requires Active Centrosomal Cyclin E-Cdk2
(A) In cells expressing the wild-type GFP-CLS, localization of Myc-tagged
cyclin E SWNQ-A-S180D without (left) and with (right) fusion to the PACT
domain was analyzed by immunofluorescence as in Figure 2A. Arrowheads
mark centrosomes. Inset: enlarged image of merged centrosomal area.
Scale bars represent 5 mM.
(B) DNA synthesis requires Cdk activity at the centrosome. The cyclin E
double mutant SWNQ-A-S180D, deficient in both centrosomal localization
and Cdk binding, was assessed for restoration of BrdU incorporation in
CLS-expressing cells with or without fusion to the PACT domain, as indi-
cated. Error bars represent mean 6 SD (n = 5).
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858both budding and fission yeast has identified phosphorylation
of two replication proteins, Sld2 and Sld3, as the minimal Cdk-
dependent steps required for initiation of DNA replication
[23, 24]. Of particular interest is Sld3, because it has genetic
and physical interactions with Cdc45 and is essential for
functional chromatin binding [25]. Although it appears thatthe molecular mechanisms regulating the initiation of DNA
replication are highly conserved throughout eukaryotes and
that orthologs of all major DNA replication proteins have been
identified in animal cells, it is important to note that Sld3 has
only been described in yeast. However, it has been postulated
that a homolog of Sld3 does exist and functions during DNA
replication in higher eukaryotes but has likely undergone rapid
evolution, making identification difficult [24, 26].
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Figure 4. Expression of the Cyclin E Centrosomal Localization Sequence
Prevents Chromatin Loading of Preinitiation Complex Proteins
(A) Western blots of chromatin fractions from asynchronous CHO-K1 cells
for Cdc45, PCNA, and MCM2 (loading control) in cells expressing GFP-
Myc (control), the wild-type cyclin E CLS, or the mutant SWNQ-A CLS.
The proteins from the total cell extract (TCE), the soluble fraction (S2), the
solubilized chromatin supernatant fraction (S3), and the chromatin-bound
fraction (chromatin) are shown.
(B) Western blots of chromatin fractions as in (A) from CHO-K1 cells
synchronized at the G1-S boundary by double thymidine treatment or in
G2 phase by etoposide treatment. The distribution of proteins from the
TCE, in the soluble fraction (S2), the solubilized nuclear protein fraction
(S3), and the chromatin-bound fraction (chromatin) are shown.
(C) A model for communication between the centrosome and the nucleus at
the G1-S transition. The model depicts cyclin E-Cdk2 localization on the
centrosome as contributing to preinitiation complex formation on chromatin
in the nucleus and to centrosome amplification. Once DNA synthesis
commences, replication factors released from chromatin are recruited to
centrosomes and inhibit overduplication of centrosomes.
Centrosomes and S Phase Initiation
859Centrosomal localization of cyclin E has previously been
implicated in the control of DNA synthesis in two different
paradigms. In one, the acceleration of entry into S phase
from G1 by cyclin E overexpression requires a wild-type CLS
[8]. In the other paradigm, cyclin E promotes MCM loading,but not origin firing, in Cdk2 knockout fibroblasts without
a need for centrosomal localization [27]. Neither of these two
functions requires associated Cdk kinase activity, unlike the
regulation of DNA synthesis reported here (Figure 3), suggest-
ing that a centrosomal Cdk substrate is involved. A candidate
substrate is nucleophosmin (NPM/B23), a multifunctional
protein implicated in multiple cellular activities, including
both centrosome duplication and DNA replication [28, 29]. It
is intriguing that NPM/B23 has DNA binding activity and stim-
ulates DNA polymerase a-primase enzymatic activity [29].
However, because NPM/B23 affects centrosome duplication,
DNA synthesis, and many other cellular processes, it is difficult
to directly evaluate a potential role in coordination of DNA
replication with centrosomal function by overexpression or
knockdown approaches.
Recent work by this laboratory and others has provided
evidence that DNA replication proteins create negative feed-
back mechanisms to prevent inappropriate centrosome redu-
plication [11, 30, 31]. For example, both MCM5 and Orc1 are
on centrosomes, and overexpression of either blocks centro-
some overduplication in S phase-arrested cells. However,
centrosomal localization of MCM5 is not evident when the
PACT-Myc-cyclin E SWNQ-A is expressed [11], despite the
ability of this construct to restore DNA replication (Figure 3).
MCM5 is also not a substrate for cyclin E-Cdk2 ([22]; data
not shown). Therefore, MCM5 is unlikely to be involved in S
phase inhibition as a result of CLS expression. Orc1 is tightly
chromatin bound during G1 phase and in mammalian cells is
released from chromatin only after initiation of replication
[32], making it also unlikely to be a key cyclin E-Cdk2 centroso-
mal target. Previous evidence indicated that centrosomal-
nuclear communication was important for the G2-M transition
[33]. Our results demonstrate that cyclin E-Cdk2-dependent
communication between the centrosome and the nucleus is
also essential for initiation of DNA synthesis. This suggests
there is communication at the G1-S boundary in both direc-
tions by the centrosome (regulating cyclin E-dependent initia-
tion of nuclear DNA synthesis) and the nucleus (regulating
centrosome duplication) (Figure 4C).Experimental Procedures
Cell Culture, Synchronization, and Transfection
CHO-K1 cells were cultured and transfected as previously described [11].
Cells were synchronized at the G1-S boundary by double thymidine treat-
ment (2 mM). Cells were initially blocked for 16 hr, washed, released for
8 hr, and blocked again for an additional 16 hr. For time course BrdU assays,
cells were washed, released, and harvested at the indicated times. Synchro-
nized populations were transfected between thymidine treatments 2 hr after
release.Immunofluorescence and BrdU Incorporation Assays
Immunofluorescent localization studies were carried out as previously
described [11] with primary antibodies to Myc (Invitrogen) and GFP (Invitro-
gen). Microscopic observations were made on a Nikon Eclipse TE300, PCM
2000 inverted microscope with a 1003 oil-immersion objective (NA 1.4).
Images were obtained with an air-cooled charge-coupled device camera
(SenSys Photometrics) attached to a 0.763 coupler (Diagnostic Instru-
ments). For microscopic analysis, Simple PCI (Compix) acquisition software
was used. To visualize BrdU incorporation, we incubated cells for 20 min
with 10 mM BrdU (Roche), followed by a 15 min fixation with 3.7% parafor-
maldehyde in phosphate-buffered saline (PBS). Cells were permeabilized
with 0.25% Triton X-100 in PBS for 10 min and stained with anti-GFP for
1 hr. Cells were fixed a second time for 15 min with 3.7% paraformaldehyde
in PBS, treated with 4 N HCl- 1% Triton X-100 for 10 min, and stained with
antibody to BrdU (Sigma). Microscopic observation was made on a Nikon
Current Biology Vol 20 No 9
860Eclipse TE300, PCM 2000 inverted microscope with a 603water-immersion
objective (NA 1.2).
Chromatin Isolation
The method described by Mendez and Stillman was employed [16]. Briefly,
20 hr after transfection, cells were trypsinized and collected by low-speed
centrifugation (1800 rpm, 3 min at 4) and were resuspended in buffer A
(10 mM HEPES [pH 7.5], 1 mM EDTA, 0.4 M NaCl, 10% sucrose) supple-
mented with 1 mM DTT, 13 complete protease inhibitor (Roche), 1 mM
AEBSF (Sigma), and 0.1% Triton X-100. Cells were incubated on ice for
5 min, and nuclei were pelleted by low-speed centrifugation (1300 3 g,
4 min at 4). Nuclei were washed once in buffer A and then lysed in buffer
B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 13 complete protease inhibitor
mix, and 1 mM AEBSF). Cells were incubated on ice for 15 min, and insoluble
chromatin was collected by centrifugation (17003 g, 4 min at 4). The chro-
matin pellet was resuspended in Laemmli buffer and sonicated for 30 s. To
release chromatin-bound proteins by nuclease treatment, we resuspended
cell nuclei in buffer A plus 1 mM CaCl2 and 2 U of Turbo DNase (Ambion).
After incubation at 37 for 10 min, the reaction was stopped by addition of
1 mM EGTA, and nuclei were lysed as described above. Samples were
electrophoresed on 10% SDS-PAGE and transferred to a polyvinylidene
fluoride membrane, and proteins of interest were detected by immunoblot
analysis. The following primary antibodies were used: DNA polymerase
alpha (Abcam), Cdc45 (Abnova), PCNA (Abcam), and MCM2 (BD Biosci-
ences). Appropriate HRP-conjugated goat anti-rabbit or goat-anti mouse
secondary antibodies (Pierce) were used.
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